C ongestive heart failure is a major cause of morbidity and mortality and represents the leading discharge diagnosis among older individuals in the United States. 1 Nearly half of affected patients have apparent preservation of systolic function, defined by an ejection fraction Ն50% (HFpEF). [2] [3] [4] [5] [6] [7] Such individuals are often older, female, and obese and have a history of chronic hypertension and left ventricular hypertrophy (LVH). 1, 2, [5] [6] [7] Systolic function appears normal at rest, 8 but exaggerated increases in systolic stiffening likely contribute to blood pressure lability and limited reserve. 9 Diastolic function, measured by passive stiffness and relaxation, is often abnormal 8 -10 and is thought to be a major factor limiting cardiac reserve and exercise capacity by raising diastolic pressures and compromising ventricular filling. 10, 11 This provides the rationale for the use of ␤-blockers, which are frequently recommended to slow heart rate and provide more time for diastolic filling. 12, 13 
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An important limitation of many prior studies of HFpEF is that cardiovascular analysis was performed under resting conditions, 6,8 -10 and other mechanisms that could limit exercise performance, such as heart rate, systolic reserve, 14 and arterial vasodilator 15, 16 reserve, remain ill defined. Furthermore, HFpEF patients have rarely been compared with control subjects without heart failure who share common demographic and clinical features of the disorder, including hypertension, cardiac hypertrophy, female predominance, diabetes mellitus, and increased body mass. This is critical, because these features in and of themselves are associated with diastolic abnormalities and could independently diminish exercise capacity. 3 Examination of the determinants of cardiovascular performance during exercise in HFpEF, compared with such matched controls, may reveal novel pathophysiological mechanisms more specific to the HFpEF phenotype.
Accordingly, the present study assessed mechanisms responsible for exercise limitation in subjects with HFpEF, using a control group that shared many common characteristics and comorbidities but that had never been diagnosed with or treated for heart failure. We show that exercise intolerance in HFpEF correlates with impaired systolic and systemic vasodilator reserve, whereas diastolic filling reserve is similar between the 2 groups. The results highlight potentially novel therapeutic targets for the HFpEF syndrome.
Methods

Study Population
Subjects with HFpEF (nϭ17) were identified after hospitalization for pulmonary edema due to heart failure, with a documented ejection fraction Ն50% within 1 to 3 days of admission. The exercise protocol was performed Ͼ1 month after discharge, with all subjects studied in a stable, compensated state. Exclusion criteria included significant valvular disease; infiltrative, restrictive, or hypertrophic cardiomyopathy; cor pulmonale; pulmonary disease; unstable coronary disease; atrial fibrillation; pregnancy; primary renal or hepatic disease; and inability to exercise on an upright bicycle or to suspend cardiovascular medicines for at least 24 hours.
Control subjects (nϭ19) were screened for ventricular hypertrophy principally on the basis of outpatient echocardiograms, and in 4 cases, from ECGs. The former were typically requested to assess cardiac morphology and function as part of an assessment for systemic hypertension. Because most HFpEF cases were older, obese, hypertensive, diabetic black women, we sought to enroll control subjects with as many of these characteristics as possible. No control subject had ever been diagnosed, hospitalized, or treated for congestive heart failure, and this was further confirmed by comprehensive medical history and physical examination performed by 2 independent cardiologists. Subjects were recruited over a 2-year period from September 2003 to June 2005. All were asked to withhold their routine cardiovascular medicines for 24 hours and to fast Ն6 hours before study. Informed consent was obtained from all participants, and the protocol was approved by the Johns Hopkins Medicine Institution Review Board.
Study Design
Baseline ventricular function, diastolic filling characteristics, and left ventricular (LV) mass were assessed by transthoracic echocardiographic Doppler study 17 (Sonos 5500, Philips, Eindhoven, the Netherlands). Detailed presentation of these data is reported elsewhere. 18 Symptoms were assessed by the Minnesota Living With Heart Failure Questionnaire. Glomerular filtration rate was calculated by the modified Cockgroft-Gault formula, and obesity was defined by body mass index Ͼ30. 6 The daily dose of ␤-blocker was expressed as units of metoprolol (total daily milligrams of metoprolol succinate/tartrateϭatenololϫ2ϭcarvedilolϫ4).
Blood samples were obtained at baseline to assess catecholamine levels and to label erythrocytes with 99m Tc by standard methods. 19 Brachial blood pressure measurement performed manually by a single investigator was obtained during gated blood pool imaging with the subject in the seated position. Mean blood pressure was estimated as diastolic pressureϩpulse pressure/3 and end-systolic pressure as systolic blood pressureϫ0.9. 20 Subjects underwent maximal-effort upright cycle stress testing starting at 25 W and increasing 25 W every 3 minutes until exhaustion. Blood pool imaging and blood pressure measurements were obtained during the final 2.5 minutes of each stage. A final blood sample was drawn shortly after cessation of peak exercise.
Cardiac Function Analysis
Gated 99m
Tc blood pool images were obtained in the left anterior oblique position. LV end-diastolic volume, end-systolic volume, stroke volume, cardiac output, and ejection fraction were derived as reported previously. 19, 21 Time-activity curves were fit to a 4-term Fourier series and analytically differentiated to yield flow. 22 Heart rate was determined from a continuous 12-lead ECG. Ventricular afterload was measured by systemic vascular resistance and effective arterial elastance. 23 Cardiac contractility was measured by peak power index (product of peak ejection rate and systolic blood pressure divided by end-diastolic volume), end-systolic elastance (estimated by end-systolic pressure divided by end-systolic volume), and stroke work/end-diastolic volume ratio. 20 During exercise, diastolic filling was assessed by radionuclidederived peak ventricular filling rate and change in end-diastolic volume with exercise. 21 Heart rate rise and recovery after exercise 24 were determined from continuous ECG recordings and 12-lead tracings obtained after the initial 60 seconds of both exercise and recovery. Arterial baroreflex sensitivity was measured during the overshoot phase of a controlled Valsalva maneuver. 25 
Metabolic Performance
Minute ventilation with breath-by-breath oxygen consumption and carbon dioxide production was measured and averaged over 10-second increments (MedGraphics, St. Paul, Minn) to quantify functional capacity. Peak oxygen consumption was defined as the mean of the highest 2 of 3 values (10-second averages) during the final minute of exercise and mean of all breath-by-breath values during this same period; both were compared with age-predicted values. The ventilatory (anaerobic) threshold was derived by the ventilatory equivalents method, 26 and the peak respiratory exchange ratio was used to verify objective effort adequacy. Subjective effort was quantified by the Borg scale (graded from 6 to 20).
Plasma Catecholamine Levels
Plasma norepinephrine and epinephrine levels were measured at baseline and immediately after peak exercise by high-performance liquid chromatography. 27 
Pulmonary Blood Volume Ratio
Changes in total lung blood volume (index of pulmonary congestion) were estimated by the radionuclide count method. 28 A region of interest was identified in the left lung lateral to the left ventricle, excluding the descending aorta, and count density was measured and normalized to ventricular counts at each stage of exercise. Change in lung blood volume was obtained from the ratio of rest to exercise counts.
Statistical Analysis
The study sample size was based on previously reported exercise duration in elderly hypertensive control subjects 29 and in subjects with ventricular hypertrophy and heart failure symptoms. 30 On the basis of these data, we estimated 14 patients in each group was a sufficient number to detect a 40% difference in total exercise duration with ␣ϭ0.05 and at 80% power. A few additional subjects were recruited to each group to enrich the power of the comparison and to ensure that adequate data were available for final analysis.
All results are reported as mean with SD. Within-group comparisons were performed by paired 2-tailed Student t test. Groups were compared by repeated-measures ANOVA. Individual time-point differences were compared by unpaired 2-tailed Student t test or 2 test (for categorical variables). Linear regression (Pearson coefficient) was performed to test associations between cardiac reserve function and exercise performance.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Baseline Characteristics
Baseline clinical characteristics of the 2 study groups are provided in Table 1 . Subjects predominantly were older black women, all with hypertension, and there was a high prevalence of diabetes mellitus, LVH, and obesity. Control subjects had a lower mean body mass index, although the overall prevalence of obesity was similar between groups. Use of ␤-blockers (effective metoprolol dose), calcium channel blockers, and other antihypertensive drug therapies was similar with the exception of loop diuretics, which were used chronically by all HFpEF subjects. The number of diabetic medications and the mean hemoglobin A 1c levels were not significantly different between groups. HFpEF subjects had a mean New York Heart Association class of 2.7Ϯ0.4 and self-assessed quality-of-life score of 52Ϯ38. Table 2 presents baseline cardiovascular function obtained at the time of the exercise protocol (based on radionuclide and pressure data). Heart rate and resting contractile function were similar in the 2 groups. HFpEF subjects had on average 13% smaller end-diastolic volumes but a higher peak filling rate. Total ventricular afterload and systolic pressure were similar, but HFpEF subjects had somewhat lower arterial diastolic blood pressure. Echocardiographic Doppler data are provided in Table 3 . For further reference, these data are contrasted to results from age-, gender-, and race-matched nonhypertensive, nonhypertrophic subjects reported in detail elsewhere. 18 The overall prevalence of LVH was similar in both groups. LV mass indexed to body surface area or height was not significantly different, whereas mass indexed to height 2.7 was higher in HFpEF subjects. HFpEF cases had a higher mean E-wave velocity and E/A ratio and a borderline increased E/EЈ ratio, all consistent with elevated LV filling pressures. Other indexes of diastolic function were similarly abnormal in both the case and control groups. Table 4 provides metabolic performance data. No subject had evidence of inducible ischemia during exercise on the basis of 12-lead ECG or wall-motion abnormalities. All reached a peak respiratory exchange ratio Ͼ1, which indicates at least near-maximal objective effort. Subjects stopped exercising because of dyspnea or fatigue, and this was similar between groups (Pϭ0.33). HFpEF subjects had profoundly limited exercise capacity, with a total exercise time of 180Ϯ71 versus 455Ϯ184 seconds in controls (PϽ0.001). Peak oxygen consumption was Ϸ70% of age-predicted values in controls but was markedly further reduced in HFpEF subjects. Similar results were obtained with breath-by-breath analysis averaged over the final minute (8.0Ϯ2.0 versus 13.2Ϯ3.6 mL O 2 · min Ϫ1 · kg Ϫ1 , PϽ0.0001). Oxygen consumption at the ventilatory threshold and time to achieve the threshold were significantly lower in HFpEF. Importantly, the ratio of oxygen consumed at ventilatory threshold to that at peak exercise was similar and was higher than would be expected if deconditioning were the primary cause for poor exercise capacity. Peak measures of objective (respiratory exchange ratio) and subjective (Borg scale) exertion were similar. Figure 1A shows percent change in cardiovascular function at the first stage of exercise (25 W; comparable to washing In contrast, increases in net chamber filling (change in end-diastolic volume), stroke volume, and contractility were similar.
Metabolic Exercise Performance
Hemodynamic Responses to Low-Level and Maximal Exercise
At peak exercise ( Figure 1B) , heart rate and vasodilator responses remained markedly blunted in HFpEF versus controls, which resulted in a 60% lower increase in cardiac output (all PϽ0.001). HFpEF subjects had less of an increase in contractile performance (PՅ0.001 for all indexes), whereas net LV filling (end-diastolic volume) and stroke volume increase were similar. Because mean body mass index was somewhat greater in HFpEF cases and could have influenced results indexed to body-surface area, we repeated the analysis using nonindexed data and also after eliminating the 4 subjects in the HFpEF group with the highest body mass index (thereby matching the mean in control subjects). In both instances, these findings remained unchanged.
Exercise capacity, whether indexed by exercise time or peak oxygen consumption, correlated directly with cardiac output (Figure 2A , PϽ0.0002), consistent with prior studies. 31, 32 However, the primary determinants were heart rate and afterload responses during exercise ( Figure 2B ), whereas change in net LV filling (end-diastolic volume) and stroke volume were not correlated with exercise capacity ( Figure  2C ). Nearly identical results were obtained for each regression with a model that included a categorical patient group parameter (data not shown). To further determine whether individual body mass index, LV mass index (normalized to height 2.7 ), ␤-blockade, or diabetes mellitus explained the differences in exercise capacity, we performed multiple regression analysis testing the dependence of exercise duration on cardiac output, systemic resistance, or heart rate and including these other factors (and patient group) in the model. In each instance, the hemodynamic parameter and patient group correlated with exercise capacity (PϽ0.05), whereas the other variables did not provide additional significance (PϾ0.25).
Heart Rate and Autonomic Function
The impaired heart rate response in HFpEF patients was further examined to test for differences in rate acceleration and postexercise deceleration. Impairment of the latter has Figure 1 . Cardiovascular responses at matched low-level exercise (A) and peak exercise (B) for HFpEF patients and matched control subjects. Data for low-level exercise are presented as percent change from baseline, and data for peak exercise are shown as absolute change. Even at low-level exercise, HFpEF patients had reduced heart rate and vasodilator reserve, which resulted in a lower increase in cardiac output. These were further exacerbated at peak exercise, accompanied by blunted contractile reserve (eg, peak power index, Ees). Diastolic filling increased identically in both groups. SVRI indicates systemic vascular resistance index; EDVI, end-diastolic volume index; SV, stroke volume; Ees, end-systolic elastance; and EF, ejection fraction.
been shown to independently confer increased risk of cardiac death. 24 As displayed in Figure 3 , the rate of heart rate increase during exercise and rate of decline after exercise were substantially slower in HFpEF patients than in control subjects. All control subjects had a normal heart rate recovery (Ͼ12 bpm fall in first minute after exercise), 24 compared with only 47% of HFpEF cases (PϽ0.001). Because the latter is thought to reflect autonomic (parasympathetic) imbalance, we examined the heart rate response to an increase in blood pressure during phase 4 of the Valsalva maneuver (arterial baroreflex sensitivity). In response to an Ϸ30 mm Hg rise in blood pressure, heart rate decline was significantly impaired in HFpEF subjects (3.7Ϯ2.8 versus 6.5Ϯ3.6 ms/mm Hg; PϽ0.05), which further supports a role for autonomic dysfunction.
Plasma Catecholamine Levels
Resting norepinephrine (435Ϯ225 versus 449Ϯ210 pg/mL, Pϭ0.86) and epinephrine (110Ϯ92 versus 116Ϯ116 pg/mL, Pϭ0.89) levels were similar in HFpEF and control subjects.
Norepinephrine rose in both groups at peak exercise (204Ϯ178 and 293Ϯ240 pg/mL, respectively; PϽ0.001), with no significant difference in the net increase (Pϭ0.26). Plasma epinephrine levels were unaltered by exercise.
Pulmonary Blood Volume
Radionuclide-assessed total lung blood volume increased similarly at low-level exercise (11Ϯ18% versus 7Ϯ11%, Pϭ0.37) and peak exercise (10Ϯ17% versus 9Ϯ10%, Pϭ0.76) in cases and control subjects, respectively. This suggests that pulmonary congestion was not differentially greater during exercise in HFpEF than in control subjects.
Discussion
This study provides the first comparison of cardiovascular responses during exercise in patients with heart failure and a normal ejection fraction versus nonfailure control subjects who share many comorbidities, notably hypertension, ventricular hypertrophy, diabetes, and obesity. 2, 5, 6 HFpEF subjects had limited heart rate and arterial vasodilator responses with exercise, which impaired cardiac output reserve. LV filling, reflected by the change in end-diastolic volume, and pulmonary lung blood volume were similar in both groups. These results challenge the notion that diastolic dysfunction alone primarily explains exercise-related symptoms in this disorder by limiting cardiac filling and thus cardiac reserve. The findings also raise questions about the appropriateness of some currently recommended therapies and suggest novel alternative therapeutic targets.
HFpEF and Exercise Intolerance
Heart failure may be broadly defined as a disorder in which the heart is unable to provide sufficient cardiac output to meet metabolic demands. The increase in cardiac output during exercise is the primary determinant of exercise capacity in normal humans and patients with heart failure. 31, 32 In systolic failure, hearts overfill to compensate for reduced pump function, which leads to chamber dilation and remodeling. However, in many older patients with hypertension and ventricular hypertrophy who develop heart failure, dilation does not occur, and ejection fraction remains in a normal range, whereas cardiac output reserve is still limited. What explains exercise limitation in this group? A generally accepted theory is that the ventricle is stiffer and slower to relax during diastole, requiring higher pressures to fill adequately. 12, 13 Increased diastolic pressures would in turn raise lung blood volumes and trigger dyspnea. This concept stems largely from data acquired at rest, which reveal normal systolic function but abnormal diastolic properties in HFpEF patients. 8, 10 Although some of these features remain controversial, 9, 33 the question of what occurs during exercise, when symptoms typically occur, remains unsettled.
Among the very few exercise studies is one from Kitzman and colleagues, 11 who examined 7 patients with HFpEF (3 of whom had hypertrophic or restrictive cardiomyopathy) contrasted to 10 age-matched, normotensive, healthy control subjects. Exercise tolerance and cardiac output reserve were markedly depressed in HFpEF subjects. Control subjects increased chamber filling during exercise, whereas HFpEF subjects did not, despite a greater rise in diastolic pressure. This supported the notion that exercise intolerance in HFpEF resulted from failure of the Frank-Starling mechanism due to diastolic dysfunction.
The results of the present study differ somewhat from this earlier study, potentially for several reasons. First, patients with hypertrophic and restrictive cardiomyopathy were excluded, because these diseases are known to markedly impair preload reserve, yet are not the commonly observed causes of HFpEF in the community. Second, control subjects in the present study had relevant comorbidities and also displayed reduced preload reserve, in contrast to the healthy aged heart, which relies more on the Frank-Starling mechanism than heart rate or contractile reserve. 21, 34 Although cardiac output rose similarly at 50-W exercise for the present control subjects and a prior study of healthy aged subjects, 21 stroke and end-diastolic volumes increased 2-and 4-fold more, respectively, and heart rate proportionately less in healthy subjects than in the hypertensive/LVH controls in the present study. Thus, limited filling in hypertensive/LVH control subjects appears to be offset by greater reliance on heart rate and arterial vasodilation. Deficits in both responses in HFpEF patients could reflect loss of a key compensatory reserve, which on top of other abnormalities such as diastolic dysfunction 10, 13 or ventricular-arterial stiffening, 9 profoundly limits exercise capacity. Disparities of heart rate increase during initial exercise and decline immediately after exercise between HFpEF and matched control subjects. Heart rate rose more gradually and declined more slowly in HFpEF subjects. A, Examples of beat-to-beat heart rate changes during and after exercise. B, Summary data. Upper panels are averaged data from nϭ7 HFpEF and nϭ14 control subjects in whom continuous heart rate was recorded. Lower bar graphs display results from baseline and 1-minute ECGs obtained in all patients. HR indicates heart rate.
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Role for Nondiastolic Factors in HFpEF
The present study revealed 3 nondiastolic limitations of cardiovascular reserve in HFpEF patients. First, they had a slower heart rate rise, lower peak heart rate, and impaired recovery. Heart rate changes with exertion are thought to be related to withdrawal and reactivation of vagal tone, 24 which suggests HFpEF patients may have abnormal autonomic function. This was further supported by the blunted arterial baroreflex response. The heart rate recovery finding is intriguing, because this appears to be a strong independent predictor of cardiac mortality, 24 even after adjustment for heart rate increase with exercise, and because this was abnormal in Ͼ50% of the HFpEF subjects. The similar increase in plasma norepinephrine for both groups suggests a peripheral rather than central mechanism, similar to that observed in systolic heart failure. 35 The lack of rise in epinephrine may reflect the low level of exercise achieved in both groups, because this requires longer periods of exertion to increase, even in normal subjects. 36 A second nondiastolic mechanism was depressed systemic vasodilation, a known contributor to reduced cardiac ejection, muscle perfusion, and exercise capacity in systolic heart failure 15, 16 due in part to depressed nitric oxide generation. 37 We found similar abnormalities in HFpEF patients, which supports treatments to enhance vasodilator reserve. 38 Lastly, we observed marked disparities in contractile reserve at peak workload, although there were no differences with low-level exercise. It is possible that HFpEF subjects reached a ceiling of contractile reserve that further limited their exercise capacity, as has been reported previously. 14 Alternatively, differences in peak-level contractility may have been secondary to the different workloads achieved.
The present results raise questions about the use of ␤-blockers in HFpEF. These agents are generally recommended 12,13 on the the premise that slowing the heart rate will enhance diastolic filling time and exercise performance, as observed in patients with hypertrophic cardiomyopathy. 39 However, ␤-blockers delay relaxation 40 and increase net vascular load on the heart. 41 Exercise capacity in patients with hypertrophic cardiomyopathy depends primarily on stroke volume response, with little role for heart rate augmentation. 42 This is the opposite of what was observed in the present study, which raises questions about the generalizability of results derived from patients with hypertrophic cardiomyopathy to those with HFpEF. If chronotropic and vasodilator reserve are central limitations in HFpEF, ␤-blockade may not be an optimal treatment.
Exercise Intolerance Versus Pulmonary Edema
All subjects in the HFpEF group had been hospitalized with pulmonary edema, yet in the present study, pulmonary edema was not reproduced. Both groups had a similar Ϸ10% increase in lung blood volume compared with the Ϸ10% decrease in volume during exercise in normal subjects. 28 However, prior studies have repeatedly shown that LV filling pressures and changes in pressures during exercise do not correlate with exercise performance or symptoms of exertional intolerance. 32, [43] [44] [45] Such symptoms are more related to inadequate cardiac output, 32 which we showed to be related primarily to an inadequate heart rate and vasodilator response in HFpEF. Although the present study does not directly identify why HFpEF can decompensate with fulminant pulmonary edema, it seems reasonable that the chronotropic and vascular limitations observed may diminish reserve capacity to hemodynamic insults, such as volume loading, hypertensive crisis, or ischemia. Impaired heart rate and vasodilator reserve may be a "last straw" that separates hypertensive LVH patients from those manifesting clinical heart failure. Future studies are needed to explore this question.
Study Limitations
There are several limitations to this study. LV pressure was not measured directly, and disparities in LV diastolic pressures cannot be ruled out. Marked disparities would be expected to yield differences in pulmonary blood volume, 28 and this was not observed. Importantly, even if present, diastolic pressure differences would unlikely explain the disparities in heart rate and vascular dilation. Although groups were matched for the presence of obesity, mean body mass index was higher in HFpEF subjects, and LVH/height 2.7 was slightly greater. Both could affect exertional capacity and hemodynamic response but were not significant when examined by multivariate analysis.
HFpEF subjects were all chronically treated with loop diuretics, which can induce reflex neurohormonal activation and potentially affect vascular function. Resting end-diastolic volume index was somewhat lower in HFpEF; however, both groups had similar basal plasma catecholamine levels and peripheral arterial resistance, and estimated central filling pressures were higher in HFpEF. Use of loop diuretics serves as a marker that HFpEF patients indeed had clinical symptoms of fluid overload, because such medications are less often used to treat hypertension.
We did not find evidence of inducible ischemia by wallmotion or 12-lead ECG but cannot exclude subtle ischemia as might be detectable by a dedicated perfusion study. Again, any small, occult differences would be unlikely to explain the primary study findings. Radionuclide studies depend on a regular heart rate; thus, patients with atrial fibrillation were excluded, and the present findings may not be applicable to this subgroup. The control group in the present study displayed somewhat reduced exercise performance compared with age-predicted values, likely associated with their comorbidities. However, this would tend to reduce any observed differences versus the HFpEF group, emphasizing the robustness of the findings.
HFpEF study subjects were predominantly black and were somewhat younger and more obese than the broader HFpEF population. 5, 6 Nonetheless, they shared many features described in large epidemiological studies in which they are less represented, 5, 6 and this is an important and large cohort with a relatively high prevalence of HFpEF. 5 Lastly, although exercise capacity strongly correlated with cardiac output reserve, other mechanisms such as pulmonary disease and deconditioning could play a role. The exercise test itself may have been too strenuous for the HFpEF subjects to fully assess capacity, although this was a very low-level test. The former was excluded on the basis of entry criteria, and the latter was less likely to be a major factor given the high ratio of oxygen consumed at the ventilatory threshold relative to peak.
Conclusions
Heart failure with a preserved ejection fraction affects a large, expanding proportion of the heart failure population. Binary classification into "systolic" or "diastolic" failure on the basis of ejection fraction is somewhat misleading, because it implies a primary mechanism on which therapy should focus. Although diastolic dysfunction occurs in HFpEF, the present data suggest that other factors such as heart rate and vasodilator reserve also play a role in exertional symptoms. These abnormalities may deserve equal attention in efforts to develop more effective treatments for this disorder.
